Citrate reduced colloidal silver nanoparticles (c-AgNPs) as synthesized and modified with oligonucleotides (Oligo-AgNPs) are comparatively evaluated for their wound healing properties on animal models. The healing progress was monitored daily during nine days by measuring the wound diameter. The tissue samples from the healed regions were analyzed for epithelial damage, congestion, inflammatory cell infiltration, fibroblast proliferation, and new collagen synthesis. The c-AgNPs and Oligo-AgNPs had statically significant impact on the healing process compared to control. The histological analysis revealed that the c-AgNPs and Oligo-AgNPs improved the congestion, inflammatory cell infiltration, fibroblast proliferation and new collagen synthesis as compared to control. Although the fibroblast proliferation seems to be the same for both c-AgNPs and Oligo-AgNPs, the collagen synthesis is markedly improved with the Oligo-AgNPs. The atomic spectroscopy analysis of the samples from different tissues showed that the AgNPs applied topically to the skin does not pass through the other organs. Our data suggest that topical application of OligosAgNPs improve wound healing by promoting increased collagen synthesis and tissue re-modeling without any side effects.
Introduction
There is an increased effort to use nanoparticles (NPs) in medical applications due to their extraordinary physicochemical properties and exceptionally high surface area [1, 2] . Among them, silver nanoparticles (AgNPs) are attracting considerable attention due to its biocidal properties [3] [4] [5] [6] [7] and positive effect on wound healing process [8, 9] . The silver ions and AgNPs have been used in many consumer products and formulations to kill microorganisms for a long time. It is also used in topical formulations to prevent the infection and speed up the healing process [10] [11] [12] . Silver nitrate was used to help skin over and epithelization to remove granulation tissues from the wounds' surfaces in the 19th century [13, 14] . Carl S.F. Crede used silver nitrate eye drops to heal neonatal conjunctivitis in 1881 and silver impregnated dressings to heal wounds after skin transplanting [14, 15] . In 1965, Moyer presented therapy of burns using 0.5% silver nitrate [16] . Today with the increased awareness of nanotechnology-based products, the colloidal AgNPs, synthesized with several different approaches have been started to use as biocidal agents. The popularity of the AgNPs as biocidal agent is due to the slow dissolution, which behaves as controlled release structure in one sense [17] . In addition, when the loaded Ag + concentration is considered, the AgNPs are less toxic to humans [18] . It is suggested that the biocidal effect of AgNPs is through the ionized Ag + [19] . However, its influence on wound healing is not well understood and it is still controversial whether the silver or silver based products have healing effect on wounds.
Skin wound healing process can be divided into a sequence of four time-dependent phases: coagulation and homeostasis, which is the beginning immediately after injury, inflammation, proliferation, which commences within days of the injury; and finally remodeling, which may continue more than a year [20] . As soon as coagulation starts, inflammatory cells migrate into the wound, which is characterized by the Nano Biomed. Eng. sequential infiltration of neutrophils, macrophage and T lymphocytes. The proliferative phase generally coincides with the inflammatory phase, which is characterized by epithelial proliferation and the formation of granulation tissue at the injury site. The proliferation of the keratinocytes is stimulated by local tissue factors, then this cell migrates over the temporary extracellular matrix (ECM) and consequently re-epithelialization starts. Meanwhile, fibroblast and endothelial cells are most noticeable on the granulation tissue of dermis. Following healthy proliferation and ECM synthesis, wound healing enters the remodeling phase [21] .
The healing process starts with the inflammation, and at the end of this step, the interaction between the evolving milieu of eicosanoids and present cell types ensue fibroblast synthesis of collagen and ground substances (the ratio of prostagland in F2α and PGE2 is increased). Fibroblasts, keratinocytes and endothelial cells influx into the wounded region [22] . The proliferative phase begins with replacing neutrophils by mononuclear white blood cells. In the first week of the phase, the basic extracellular substances of granulation tissue, glycosaminoglycans, proteoglycans and collagen are produced by fibroblasts. Fibroblasts assemble collagen molecules into fibers. Collagen is the basic component of acute wound connective tissue and this progresses last six weeks [23, 24] . Keratinocytes and endothelial cells produce autocrine growth factors. Buds generation with intact vessels in granulation tissue during the endothelial cells expansion contributes the angiogenesis. In the beginning of repair process, the wound is coated by fibrin cloth. This provisional matrix is replaced with granulation tissue within two days. Epithelial cells move into the wound and at the same time fibroblasts turn into myofibroblasts by contact inhibition [25] . In the maturation phase, with tensile strength, the type I collagen turns into type III collagen untill the ratio of normal skin beings with 4:1. Matrix metalloproteinase collagenolysis accomplish a steady state with collagen synthesis. After 1 year of the injury, tensile strength plateaus will be nearly 80% of the original strength [26] [27] [28] .
It was previously reported that the AgNPs promote wound healing by acting as a depressor for inflammation through cytokine modulation [29] . A study by Liu et al. showed that AgNPs could inhibit the production of collagen at the beginning of the wound healing process and proliferation of fibroblast [30] . In our previous in vitro study, we have observed increased cell proliferation with the use of oligonucleotide-silver nanoparticles (Oligo-AgNPs). In this study, we have further investigated the influence of surface chemistry of AgNPs on wound healing using animal models. The AgNPs synthesized with citrate reduction and derivatized with oligonucleotides (Oligo-AgNPs) were applied to model wounds. We found that both Oligo-AgNPs and AgNPs improved the new collagen synthesis in the injured tissue. Furthermore, our results suggested that silver does not pass through the other organs such liver, kidney and spleen upon topical application of silver colloidal suspension.
Experimental Section

Synthesis and Modification of AgNPs
The modified Oligo-AgNPs are synthesized according to Culha et al [31] . Briefly, the colloidal silver nanoparticles (c-AgNPs) were prepared via the reduction of silver nitrate with sodium citrate reported by Lee and Meisel [32] . For attachment of oligonucleotide, an 8 µL of 100 µM thiolated oligonucleotide (5'-HS-(CH 2 ) 6 -TAATGCTGAAGG-3) was added into 1 mL c-AgNPs suspension, and then this suspension was stirred for 24 h at 20 °C. At the end of 24 h, the suspension containing Oligo-AgNP was centrifuged and the supernatant was removed with a µ-pipette. About 1 mL of distilled water was added and the centrifugation was repeated. This process was repeated three times to ensure removal of excess molecules and at the final step the Oligo-AgNPs were allowed to re-disperse by sonication for 20 min. An 8 µL of 100 µM thiolated oligonucleotide was added in 1 mL deionized water as a control to observe the possible effect of thiolated oligonucleotides on model ulcers.
Excision Wound Model and Groups
All experiments were carried out with government approval according to local guidelines for the care and use of laboratory animals. For the excision wound model, on the depilated and cleaned back of 29 adult male BalbC mice (22-26 g), the 6 full-thickness skin wounds were made as 1 cm away from the middle line and each other by using a 4.5 mm diameter punch biopsy tool under (ketamine (80-100 mg/kg i.p.), xylazine (10 mg kg −1 i.p.) anesthesia. Then, these mice were randomly assigned for c-AgNPs, Oligo-AgNPs (n=7), oligonucleotide solution (n=7) and control (n=8) (Only distilled water was administered for control group) and kept in individual cages. Approximately enough to completely cover the surface of the wounds of each solution/suspension was administered topically onto the wounds on days 0 (the day the wounds are made), 2, 4, 6 and 8. The pictures of the wounds were taken on days 0, 1, 3, 5, 7 and 9 from an angle of 90 degrees against the planes of the wounds. The wound areas on the pictures measured with ImageJ 2.0 software (NIH). The healing rates are calculated with respect to the initial size of each wound and expressed as percents as to be 100% when the wound is closed completely. On day 9 the animals were sacrificed, the skin of the back covering the wound areas, liver, kidney and spleen are removed for analysis. The organs and skin covering two wounds were frozen immediately with dry ice. The test of the skin sample was placed in 10% formaldehyde for histological analysis.
Histology (microscopic anatomy of animal tissues)
The two skin samples from each animal were placed into 10% formaldehyde. The arbitrarily chosen six sections from each sample were taken for conventional histological analysis. Two dyes, hematoxylin and eosin, and Masson's trichrome, were used to stain the tissue samples. The sections were analyzed for epithelial damage, congestion, inflammatory cell infiltration, fibroblast proliferation, and collagen re-construction. Epidermis and dermis thicknesses were assessed using Leica DM 4000 microscopy system and Stereo Investigator version 7.5 (Microbrightfield, Colchester, VT, USA) by averaging the measurements at five different points on each section.
Tissue Analysis with Atomic Spectroscopy
When a group of animals' wounds were healed, the experiment was ended. The animals were properly executed following anesthesia and the tissues from the healed wound, spleen, liver and kidney were taken from the animals for determination of Ag + ion concentrations.
Each tissue sample was weighted and digested using a 2 mL of 65% HNO 3 and was heated on a hot plate until the sample solutions were clear. The digested samples were allowed to cool at room temperature, filtered and diluted to 10 mL with ultra deionized water. A Varian AA 280Z Zeeman Atomic Absorption Spectrophotometer equipped with GTA 120 graphite tube atomizer was used for the measurements. A multi-element hollow cathode lamp was used as the spectral radiation source. The wavelength and spectral slit width were set to 328.1 nm and 0.5 nm. The analytical blanks were run in the same way as the samples and concentrations were determined using standard solutions prepared in the same acidic matrix. The standard solutions and the sample solutions analysis were repeated 3 times.
Statistics
The means of percent-healing values are compared using repeated measures of ANOVA followed by Tukey's tests. Results were expressed as means±SD. P-value of less than 0.05 was taken to indicate statistical significance.
Results and discussion
The c-AgNPs possess negative surface charge due to the adsorbed citrate ion onto them. Fig. 1A shows the UV/ Vis spectrum and the TEM image of c-AgNPs. The UV/ Vis spectrum typically has one absorption band at around 420 nm and the size distribution is in the range of 20-200 nm with an average size of 50 nm. Fig. 1B illustrates the surface modification of c-AgNPs with oligonucleotides. Fig. 1C show size distributions of c-AgNPs and OligoAgNPs. The Oligo-AgNPs were prepared by treating the hexanethiol-modified olignucleotides. Since thiol (-SH) group has strong affinity for Ag metal surface, the oligonucleotides coat the AgNP surface [33, 34] . It is demonstrated that the surface modification of AuNPs and AgNPs with a biocompatible ligand [35] or polymer [36, 37] improves their biocompatibility and reduces their toxicity. In addition, we observed an increased cell proliferation of living cells upon treatment with OligoAgNPs in our previous study [31] . Therefore, the Oligo- AgNPs were selected in the investigation for wound healing effect. Fig. 2 shows photography of a model wound prepared on mouse skin (A) and a completely healed wound (B), comparative average healing rate of model ulcers (C). The pictures of the wounds were taken on days 0, 1, 3, 5, 7 and 9 from an angle of 90 degrees against the planes of the wounds together with a ruler. Then, through a pixeldistance conversion by using the ruler as a reference the wound areas on the pictures measured with Image J 2.0 software (NIH) (Fig. 2C) . At the end of 9-day period, more than 90% of the wound areas were closed for all groups with the control group having the lowest healing rates for all time points. For the overall process of wound healing, both c-AgNP and Oligo-AgNP treatments significantly improved the healing process when compared to the control group (p<0.001 and p<0.01, respectively) whereas there was no statistically significant difference between oligonucleotide only and control groups. Furthermore, the healing rate of c-AgNP group was significantly higher than the oligonucleotide only group (p<0.05).
The sections obtained from the wounds at the end of the 9th day were analyzed for epithelial damage, congestion, inflammatory cell infiltration, fibroblast proliferation, and new collagen synthesis. The congestion and inflammatory cell infiltration are parallel processes that are observed during the cell multiplication while fibroblast proliferation and new collagen synthesis are parallel processes that are observed during the restructuring phase of wound healing. As a result of inflammatory cell infiltration, the fibroblast proliferation and new collagen synthesis are signaled by the growth factors and cytokines. This also sends a signal for the re-synthesis of collagen fibers.
The histophatologic and morphometric evaluation of the c-AgNPs and Oligo-AgNP on wound healing are presented in Fig. 3 . When the oligonucleotide only, c-AgNPs and Oligo-AgNP are compared, especially oligonucleotide only had the least damage to the epidermis. Both c-AgNPs and Oligo-AgNP signaled the congestion, inflammatory cell infiltration, fibroblast proliferation and new collagen synthesis. Although the fibroblast proliferation seems to be the same for both c-AgNPs and Oligo-AgNP, the collagen synthesis is more with c-AgNPs influencing congestion more. It seems that the inflammatory infiltration is more with the OligoAgNPs. Although the congestion and inflammatory cell infiltration may have a good effect on healing at the beginning, they may further delay healing process during the restructuring. The treatments of wounds with oligonucleotide only, c-AgNPs, and Oligo-AgNP result with different levels of fibroblast proliferation and congestion. Fig. 4 and 5 show histological evaluation of the tissue samples with two different dyes, hematoxylen eosin (HE) and Masson's trichrom (TCM). In the tissue treated with oligonucleotide solution, an increase in fibroblast is apparent while treatment with OligoAgNP results with congestion and increased fibroblast proliferation. New collagen synthesis is highest in oligonucleotide group while it is apparent in both types of AgNPs compared to the control group.
Since Ag + ions are toxic and cause health problems, the transport of possible dissolved Ag + ions or AgNPs to the organs such as liver, kidney and spleen was also investigated. Fig. 6 shows the Ag + ion concentration of the tissue samples obtained from corresponding organs. As seen, almost all of the AgNPs remain in the skin. It is known that skin has percutaneous absorption property [38] and the reason of the higher concentrations of Ag in control and oligo groups for skin is that skin is more available to expose to contaminations from external sources. The observed concentrations in liver, kidney, and spleen are believed to be due to the natural silver uptake from water and food.
Conclusions
The data suggests that both c-AgNPs and OligoAgNPs have a direct impact on wound healing. The c-AgNPs possess weakly bound citrate ions on the nanoparticle surface. However, Oligo-AgNPs have oligonucleotides tightly bound to the nanoparticle surface due to the affinity of thiol group. Although presence of oligonucleotides on the AgNP surface improves the biocompatibility, a slight decreased influence of OligoAgNPs on the healing process reveals that the dissolution of silver into the tissue matrix could be playing a role. Although coating the AuNP surface with a biomolecule may help to interact more thoroughly with the tissue, the delay in the dissolution of Ag metal into Ag + reflected as a slight delay in the healing. The c-AgNPs increases the inflammation of tissue perhaps through the dissolved Ag + . The Oligo-AgNP has a similar effect but improves the new collagen synthesis in the injured tissue. In conclusion, this study demonstrates that unmodified and modified AgNPs have similar effect on healing process with different mechanisms. Since the Oligo-AgNPs have positive effect on new collagen synthesis and tissue re-modeling, they can be used as a safer alternative to improve the wound healing without any side effects.
